Abstract | IFNγ is a cytokine with important roles in tissue homeostasis, immune and inflammatory responses and tumour immunosurveillance. Signalling by the IFNγ receptor activates the Janus kinase (JAK)-signal transducer and activator of transcription 1 (STAT1) pathway to induce the expression of classical interferon-stimulated genes that have key immune effector functions. This Review focuses on recent advances in our understanding of the transcriptional, chromatin-based and metabolic mechanisms that underlie IFNγ-mediated polarization of macrophages to an 'M1-like' state, which is characterized by increased pro-inflammatory activity and macrophage resistance to tolerogenic and anti-inflammatory factors. In addition, I describe the newly discovered effects of IFNγ on other leukocytes, vascular cells, adipose tissue cells, neurons and tumour cells that have important implications for autoimmunity , metabolic diseases, atherosclerosis, neurological diseases and immune checkpoint blockade cancer therapy.
) ( fig. 1 ). In innate-like lymphocytes, IFNγ production can be induced by cytokines (primarily IL-12 and IL-18) or following the activation of pattern recognition receptors (PRRs) or broadly reactive antigen receptors during microbial infection or tissue damage. As such, an early burst of IFNγ production occurs during infections before the emergence of an antigen-specific adaptive immune response. By contrast, high levels of sustained IFNγ production by T H 1 cells or CTLs typically require T cell receptor (TCR)-mediated recognition of microbial (but also self or mutated self) peptides in the context of MHC class II or MHC class I molecules, respectively.
In all cell types studied, binding of IFNγ to its receptor activates the canonical Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signalling pathway [1] [2] [3] (Box 1; fig. 1 ). IFNγR ligation results in activation of the receptor-associated JAK1 and JAK2 protein-tyrosine kinases and subsequent tyrosine phosphorylation and activation of primarily STAT1, which translocates to the nucleus, binds to conserved IFNγ activation site (GAS) DNA elements and directly activates the transcription of interferon-stimulated genes (ISGs). ISGs encode many products that have direct effector immune functions, such as chemokines, antigen-presenting molecules (including MHC molecules), phagocytic receptors and various antiviral and antibacterial factors ( fig. 1 ). Compelling genetic and biochemical data support key non-redundant roles for JAK1, JAK2, STAT1 and many ISGs in mediating cellular IFNγ responses and in key IFNγ functions in vivo, such as host defence against intracellular pathogens, modulation of immune and inflammatory responses and associated tissue damage and tumour immunosurveillance. This core IFNγ-JAK-STAT1-ISG response, the direct immune functions of ISGs and feedback inhibition of this pathway have been extensively reviewed [1] [2] [3] and are not covered here.
IFNγ was originally identified as 'macrophageactivating factor', and macrophages are a major physiological target for IFNγ action 1 . Thus, studies of its cellular functions and underlying mechanisms of action have been extensively performed using macrophages or cell line models. This Review focuses on the sustained and global effects of IFNγ on macrophages that cannot be readily explained by the direct functions of ISGs but are instead mediated by an IFNγ-induced transcriptional network, epigenetic mechanisms and metabolic changes in macrophages that alter their cell state and reprogramme how they respond to environmental stimuli (figs. 1,2a) . It is increasingly appreciated that important in vivo biological and pathological effects of IFNγ are mediated at least in part by cells other than macrophages or immune cells. Therefore, this Review also covers recent insights into how IFNγ regulates various non-leukocyte cell types and the implications of this for autoimmunity, obesity and metabolic syndrome, vascular biology and atherosclerosis, neuronal function and cancer immunotherapy.
Programming of macrophages by IFNγ
Signalling by the JAK-STAT pathway, including activation of STAT1 by IFNγ, is typically transient, with a peak signal occurring at 15-60 minutes and resolution back to baseline occurring at 2-4 hours after stimulation. Accordingly, transcriptional responses of many direct STAT1 target genes peak within several hours of IFNγ stimulation. Much of the analysis of cellular responses to IFNγ has focused on these early time points, and the early IFNγ response and associated ISG induction have been extensively reviewed [1] [2] [3] . However, even predating the discovery of STATs, it was apparent that IFNγ induces a subset of ISGs with delayed kinetics in a manner dependent on new protein synthesis (implying indirect regulation) and also induces a pattern of sustained gene expression that persists beyond the duration of JAK-STAT signalling 4, 5 . These delayed and sustained kinetics of gene induction could be explained in part by a feedforward loop in which IFNγ induces de novo expression of transcription factors, most notably interferon regulatory factors (IRFs) and STATs themselves, which cooperate to induce and sustain gene expression 1 .
Another mechanism for persistence of IFNγ signalling is capture of IFNγ by cell surface phosphatidylserine on viable cells, followed by its slow release to drive long-term transcription 6 . Recent developments in interferon signalling (see also Box 1) include the use of transcriptomics to fully define the set of IFNγ-induced transcription factors 7 , genome-wide analysis of IRF-mediated networks and their cooperation with STATs 8, 9 , the description of alternative STAT complexes [10] [11] [12] [13] and the identification of a role for unphosphorylated STATs in mediating gene expression at later phases after initial JAK-STAT signalling has subsided 14 .
The IFNγ-induced transcriptional network described above can explain delayed and sustained patterns of gene expression but does not fully explain several aspects of the IFNγ-activated macrophage cell state, which has been termed M1 polarization, classical activation or priming 1, 15 . In addition to ISG expression, there are several salient features of IFNγ-polarized macrophages. First, IFNγ-polarized macrophages (which have been referred to as M1 macrophages and more recently termed 'M(IFNγ) cells' . 16 ) are hyper-responsive to various inflammatory stimuli, which include cytokines such as tumour necrosis factor (TNF) and type I interferons and microbial products and ligands for Toll-like receptors (TLRs). Stimulation of IFNγ-polarized macrophages with TLR ligands results in a massive super-induction of inflammatory cytokines and canonical nuclear factor-κB (NF-κB) target genes ( fig. 2b, left panel) . This phenomenon is termed priming. Second, IFNγ induces gene-specific refractoriness to anti-inflammatory factors (such as IL-10 or glucocorticoids) and IL-4 and IL-13, cytokines that promote the resolution of inflammation, tissue healing and return to homeostasis 1, 7, [17] [18] [19] (fig. 2b ).
Third, IFNγ prevents and reverses macrophage tolerance 20 , a cell state in which prior strong activation of macrophages by TLR ligands or TNF induces refractoriness to induction of canonical inflammatory NF-κB target genes. Refractoriness to anti-inflammatory stimuli and abrogation of tolerance enable exaggerated inflammatory responses and thus contribute to macrophage priming.
The biological importance of IFNγ-mediated polarization and priming of macrophages is supported by in vivo studies in model organisms and in human subjects (reviewed in refs 1, 21 ). M1 macrophage polarization is regarded as a type I immune response that is promoted by IFNγ; it is important for control of infections by intracellular pathogens but can drive pathology in autoimmune diseases. A sustained ifNγ signature is seen in the inflamed tissues of patients with autoimmune diseases, such as rheumatoid arthritis, and disease-associated macrophages that express an IFNγ 22 , and work in a mouse model of gastrointestinal infection showed that bone marrow monocytes are primed by NK cell-derived IFNγ to exhibit increased responses to bacterial ligands before egress from the bone marrow and migration to the site of infection 23 . In addition, a remarkable series of experiments with human volunteers demonstrated that IFNγ prevents and reverses experimental endotoxin tolerance in vivo 24 . This work provides the rationale for treatment of patients with sepsis -who exhibit a tolerance-related immunoparalysis phenotype -with IFNγ to restore cellular functions 25 . Interferons have also been proposed to prevent tolerization of monocytes by circulating endotoxin in systemic lupus erythematosus (SLE); this would result in increased cell activation and cytokine production and thereby drive inflammatory pathogenesis 26, 27 . The potential to therapeutically manipulate IFNγ-mediated macrophage polarization to modulate inflammatory responses for the benefit of patients provides a strong rationale for investigation of underlying mechanisms.
When studied in vitro, IFNγ-mediated priming and resistance to suppression in primary macrophages are stable for at least several days, raising the question of how these responses are sustained in the setting of diminishing IFNγR signalling and decaying expression of IFNγ-induced transcription factors. Furthermore, the gene-specific nature of IFNγ-induced resistance to tolerance and IL-10 and IL-4 (refs 7,17,20,26,28 ) argues against suppression of upstream signalling pathways by IFNγ. Instead, stability of gene expression that persists beyond the initiating signal suggests that epigenetic mechanisms provide short-term memory 29 , and gene-specific effects suggest specific regulation of individual genes at the chromatin level, as originally suggested by Medzhitov and colleagues 30 ( fig. 2b) .
Epigenetic regulation by IFNγ Epigenetic mechanisms of IFNγ-mediated macrophage reprogramming. Herein, we use the term 'epigenetic mechanisms' to refer to developmentally or environmentally induced chemical changes to DNA or chromatin that do not change the genetic code but instead regulate gene expression. These epigenetic changes can be moderately long-lived and persist beyond the original stimulus, thereby promoting a more stable and sustained transcriptional response. In macrophages, analysis of epigenetic regulation has focused predominantly on chromatin accessibility at gene regulatory elements (promoters and enhancers), which is determined by the balance of positive relative to negative histone marks (post-translational modifications) and nucleosome remodelling (reviewed in refs 15, 31, 32 ). A macrophage-specific pattern of stable open chromatin at promoters and enhancers (also termed the 'epigenomic landscape') is established during cell differentiation by the lineage-determining transcription factor PU.1 and the CCAAT-enhancer-binding protein (C/EBP) family of proteins, which often bind cooperatively with other macrophage-expressed transcription factors ( fig. 3a) . This epigenomic landscape enables access of general transcriptional machinery to constitutively expressed genes and provides a poised chromatin state that enables rapid binding and function of signal-activated transcription factors, such as NF-κB and STATs, after cell stimulation. Thus, the epigenomic landscape shapes the pattern of constitutive gene expression and the nature of the early transcriptional response to environmental stimuli. It has become clear that cells partially remodel their epigenomic landscape in a gene-specific manner after cell stimulation 15, 32 . Increases in positive histone marks and chromatin accessibility can result in increased transcription per se but can also prime genes for more rapid or augmented transcription in response to subsequent stimulation ( fig. 3a) . Conversely, negative histone marks and closing of chromatin silence active genes and can make genes refractory to subsequent stimulation. Thus, remodelling of the chromatin landscape provides an attractive potential explanation for the priming and silencing effects that occur in a stable and gene-specific manner in IFNγ-polarized macrophages. 18 ( fig. 3a) . This re-directed binding of STAT1 towards genes that contain adjacent IRF-binding and NF-κB-binding sites allows STAT1 to access canonical NF-κB target genes such as IL6 that do not contain GAS elements and are not conventional ISGs.
Endotoxin tolerance
Classically, a macrophage cell state in which prior exposure to lipopolysaccharide (LPs; an endotoxin) renders inflammatory nuclear factor-κB (Nf-κB) target genes refractory to induction by subsequent LPs challenge. Tolerance can be induced by various inflammatory factors such as tumour necrosis factor (TNf), iL-1 and Toll-like receptor (TLr) ligands, and tolerized cells are resistant to multiple cell activators.
Box 1 | IFNγ signalling
IFNγ signalling has conventionally been defined as a cascade of tyrosine phosphorylation events initiated by the binding of IFNγ to IFNγ receptor (IFNγR), which results in the initiation of interferon-stimulated gene (ISG) transcription. Activation of receptor-associated Janus kinases (JAKs) results in phosphorylation of tyrosine residues in the IFNγR cytoplasmic domain, creating a recognition substrate that recruits signal transducer and activator of transcription 1 (STAT1). Tyrosine phosphorylation of STAT1 promotes dimerization, nuclear translocation, DNA binding to IFNγ activation site (GAS) elements and transcriptional activation by the STAT1 dimers (see also fig. 1 ). In addition to inducing STAT1 dimers that bind GAS elements and can cooperate with IFNγ-induced interferon regulatory factors (IRFs), IFNγ can also activate non-canonical transcriptional complexes that are similar to the interferon-stimulated gene factor 3 (ISGF3) complexes induced by type I interferons in that they contain IRF9 and bind to interferon-stimulated response elements (ISRes). The transcriptional potency of STAT1 is modulated by post-translational modifications, most notably phosphorylation of the transcription activation domain. These proximal IFNγ signalling events have recently been reviewed (refs [1] [2] [3] 12 ). In this Review, we instead revisit IFNγ signalling and look beyond the cytoplasmic events that lead to activation of ISGs. This includes a discussion of how IFNγ signalling induces epigenetic remodelling at chromatin, the genome-wide interactions of STAT1 with IRFs and other transcriptions factors and the role of IFNγ in the modulation of metabolic pathways.
This priming of regulatory elements does not necessarily activate transcription but instead 'bookmarks' classical inflammatory genes such as TNF, IL6 and IL12B for massive and sustained transcriptional responses to lipopolysaccharide (LPS) (fig. 3a) . Under conditions where LPS is added simultaneously or subsequent to IFNγ for M1 polarization, LPS-induced type I interferons will induce STAT1-containing interferon-stimulated gene factor 3 (ISGF3) complexes that bind to interferon-stimulated response elements (ISREs); given the similarity between ISREs and IRF-binding sequences, this will further redirect STAT1 to IRF-binding sites.
IFNγ not only primes pre-existing enhancers but also induces de novo formation of several hundred latent enhancers 33 ( fig. 3b ). Although IFNγ-induced latent enhancers bind STAT1, strikingly, the DNA motif most enriched in these enhancers is not a canonical GAS but instead an IRF-binding site, suggesting indirect binding of STAT1 as part of IRF-containing complexes IFNγ induces expression of IRF1 and IRF8, potentially enabling a time-dependent increase in their interactions with STAT1 and in the binding of STAT1-IRF complexes to regulatory elements. In line with this notion, coordinate binding of STAT1-IRF1 or STAT1-IRF1-IRF8 plays a key role in basal and IFNγ-inducible expression of macrophage genes that are important in inflammatory and host defence functions, including in models of neuroinflammation and tuberculosis in vivo 8, 9 . In the context of LPS stimulation, IRF8 contributes to formation of latent enhancers by cooperatively binding at new sites with AP1 transcription factors but plays a minimal role in STAT1 recruitment 9 . Overall, these studies show that IFNγ-induced STAT1 activation and the downstream transcriptional network mediated by IRFs are translated into extensive remodelling of the epigenome that alters gene transcription. Priming of chromatin with bound transcription factors and altered histone marks represents one mechanism of augmenting transcriptional responses to subsequent challenges.
Epigenetic mechanisms of resistance to antiinflammatory factors.
Major suppressors of macrophage inflammatory responses include glucocorticoids, IL-10, IL-4 and IL-13. The glucocorticoid receptor induces inhibitory genes and binds NF-κB and AP1 to inhibit their inflammatory activity, whereas IL-10 signals via STAT3 to induce genes that suppress inflammation. IL-4 and IL-13 activate STAT6 and AKT signalling to modulate inflammatory responses and promote a wound-healing reparative macrophage phenotype. Although IFNγ can transiently suppress signalling by these anti-inflammatory factors 34, 35 , such signalling inhibition cannot explain the stable inhibition that persists after IFNγ activity is terminated or the gene-specific repression of only subsets of anti-inflammatory genes. An additional non-mutually exclusive inhibitory IL6 ) by opening and priming chromatin at the gene regulatory elements while inducing resistance to anti-inflammatory signals by closing chromatin in a gene-specific manner. Ac, acetylation; co-R , co-repressor ; Me3, trimethylation; NF-κB, nuclear factor-κB; PRR , pattern recognition receptor ; TSS, transcription start site. fig. 2b, right panel) .
However, H3K27me3-mediated silencing of promoters does not explain the broad IFNγ-induced suppression of more than 700 macrophage genes that are induced by glucocorticoids, IL-4 and IL-10 and are associated with the M2 macrophage phenotype. Instead, this broad suppression can be explained by IFNγ-mediated downregulation of histone H3 lysine 27 acetylation (H3K27ac) and the activity of more than 5,000 enhancers and their associated genes 7 ( fig. 4a ). Strikingly, a subset of 12% of these enhancers loses chromatin accessibility and binding by lineage-determining transcription factors PU.1 and C/EBP family proteins, a process termed enhancer disassembly ( fig. 4a ). Genes associated with disassembled enhancers remain stably repressed after IFNγ removal and are refractory to induction by glucocorticoids. The majority (77%) of disassembled enhancers is enriched for DNA-binding motifs for transcription factor MAF, and IFNγ suppresses MAF expression and binding to target enhancers. These results support a model whereby a subset of macrophage enhancers is maintained in an open chromatin state by cooperative binding by MAF and PU.1, and these enhancers are lost upon IFNγ stimulation, with downregulation of associated genes. The need to re-assemble an enhancer helps explain the stability of the refractory phenotype, whereas the specific binding of MAF to a subset of macrophage enhancers helps explain gene-specific effects. MAF-related enhancer disassembly accounts for suppression of approximately 15% of IFNγ-repressed genes (IRGs), and thus there are likely additional mechanisms of repression, possibly involving an interactive network of the more than 70 transcription factors whose expression is regulated by IFNγ Thus, the core STAT1-IRF axis that is resistant to suppression by IL-4 and is important for host defence is preserved, but genes whose activation requires auxiliary factors such as JUNB and C/EBPβ are vulnerable to inhibition by IL-4. Another study showed that STAT6 can directly repress genes by recruiting histone deacetylase 3 (HDAC3) to non-canonical binding sites, with associated decreased expression of genes important for inflammasome activation 36 . The model emerges that IFNγ broadly suppresses gene expression by suppressing histone acetylation at gene enhancers, likely by targeting key enhancer-associated transcription factors such as MAF (fig. 4a) . Enhancer deactivation or disassembly makes genes refractory to antagonistic anti-inflammatory factors and stabilizes an activation phenotype.
Reversal of macrophage tolerance. Strong activation of NF-κB signalling induces a state of macrophage tolerance characterized by diminished proximal signalling ( fig. 4b ) that is unable to induce the chromatin remodelling required for re-induction of inflammatory NF-κB target genes 30, 37 . IFNγ prevents and reverses tolerance by enabling the opening of chromatin in response to weak signals 20 ( fig. 4b) . The underlying mechanism involves the co-activator receptor-interacting protein 140 (RIP140; also known as NRIP1) 38 and most likely IRFs 26 but this requires further elucidation. Collectively, studies of the epigenetic effects of IFNγ support the idea that IFNγ polarizes macrophages by altering chromatin to reprogramme transcriptional profiles and responses to environmental stimuli. Similarities exist between the priming and tolerance-reversing effects of IFNγ and the training of innate immune cells for improved activation responses by prior exposure to microbial and tissue damage-associated products that elicit low-grade activation 39, 40 . Such training has been shown to confer innate immune memory, including in in vivo systems, and to work via similar epigenetic and chromatin-based mechanisms. The role of IFNγ and cytokines in trained immunity has not been investigated, but it is possible that IFNγ can improve training and vice versa. Interferon-stimulated gene factor 3 (isgf3). A transcription factor complex comprising signal transducer and activator of transcription 1 (sTAT1), sTAT2 and interferon regulatory factor 9 (irf9) that binds to interferonstimulated response elements and regulates the expression of interferon-stimulated genes. isgf3 is predominantly activated by type i interferons.
Latent enhancers
enhancers that are inactive and associated with closed chromatin in resting myeloid cells. During cell activation, chromatin at latent enhancers becomes accessible, and they bind to transcription factors and drive expression of associated genes.
www.nature.com/nri
Regulation of macrophage metabolism by IFNγ Metabolic reprogramming, defined as the altered use of metabolic pathways for the generation of energy and key metabolites, represents an important aspect of macrophage activation and polarization and has been recently reviewed 41 . Briefly, M1-type macrophage activation by TLR ligands induces aerobic glycolysis and disrupts the Krebs cycle, whereas M2-type macrophage polarization promotes fatty acid oxidation and oxidative phosphorylation. Detailed analyses of the effects of IFNγ (in the absence of co-stimulation with TLR ligands) on cell metabolites, respiration and related metabolic pathways have not been performed; instead, the effects of IFNγ on three enzymes that are major regulators of cellular metabolism -mammalian target of rapamycin complex 1 (mTORC1), 5′-AMP-activated protein kinase (AMPK) and glycogen synthase kinase 3 (GSK3) -have been reported [42] [43] [44] . The mTORC1 complex senses growth factors and nutrients and in a nutrient replete environment coordinates the cellular anabolic response by promoting protein, lipid and nucleotide biosynthesis ( fig. 5 ). IFNγ inhibits mTORC1 activity in resting human macrophages, which results in a selective decrease in translation of proteins important for tRNA charging, purine nucleotide synthesis, small molecule transport, mitochondrial function and anti-inflammatory mediators (including IL-10 and the transcription factor HES1), with increased expression of inflammatory cytokines 44 . Along with this shift in metabolism towards a more inflammatory phenotype, inhibition of mTORC1 is associated with increased autophagy, which promotes microbial killing and antigen presentation 45 . In tolerized macrophages and monocytes from patients with sepsis who exhibit severe metabolic defects, IFNγ promotes glycolytic metabolism via mTORC1, which contributes to reversal of the broadly suppressed immune state (immunoparalysis) associated with sepsis 25 . mTORC1 is functionally coupled with GSK3 and negatively regulated by AMPK (fig. 5) . GSK3 modulates the balance between NF-κB and AP1-CREB signalling, and its activation by IFNγ decreases IL-10 while increasing inflammatory cytokine production 42 . AMPK senses cellular energy deprivation and suppresses inflammation while promoting M2 polarization 41 . IFNγ activates AMPK under low energy conditions, which can function as a feedback loop to restrain inflammation 43 but also may contribute to IFNγ-mediated suppression of mTORC1. In summary, IFNγ regulation of the upstream metabolic regulators mTORC1, GSK3 and AMPK is important for inflammatory responses. The effects of IFNγ on cellular metabolic pathways deserve further investigation, especially in light of the finding that polarization of macrophages with LPS in combination with IFNγ suppresses mitochondrial function 46 , the importance of mitochondrial electron transport in inflammatory responses 47 and the finding that IL-10 regulates glycolysis and mammalian target of rapamycin (mTOR)-mediated mitophagy to suppress inflammation via metabolic pathways 48 . In addition to regulating cellular metabolism, IFNγ can affect systemic metabolism, for example, by modulating glucose tolerance via regulation of the composition of the microbiome 49 . (Figs. 6a,b) . The effects of IFNγ on promoting T H 1 cell differentiation, suppressing T H 2 and T H 17 cells, inducing T reg cells specialized to control T H 1 cell responses and promoting B cell class switching towards production of immunoglobulin G2a (IgG2a) isotypes have been previously reviewed, as have the roles of interferon in host defence, autoimmune diseases and tissue remodelling 1, 3 . Therefore, the following sections highlight recent advances that extend our understanding of how IFNγ regulates these immune cell populations.
Regulation of other immune cells by IFNγ Although immune cell responses to IFNγ have been most extensively studied in macrophages, IFNγ also has important effects on T helper (T H ) cells, T follicular helper (T FH ) cells, regulatory T (T reg ) cells, B cells and innate-like lymphocytes
Innate immunity. As can be surmised from the above discussion of macrophages, IFNγ strongly promotes innate immune and inflammatory responses. Recent insights from infection models include several relevant findings. First, they suggest that IFNγ is important for the local differentiation of monocytes
M2 macrophage
A type of macrophage that has been polarized by iL-4, iL-13, iL-10, glucocorticoids or various anti-inflammatory factors. M2 macrophages exhibit a range of phenotypes related to resolution of inflammation, wound healing and tissue remodelling.
Mitophagy
The selective degradation of mitochondria by autophagy.
• Low energy into dendritic cells (DCs) and macrophages that serve as the major sources of IL-12 at sites of infection 50 . Second, they suggest that the early production of IFNγ by ILC1s is important for local antiviral responses 51 . Third, they suggest that an important component of vaccine-induced memory is memory T cell-derived Autoinflammation. Autoinflammatory diseases are genetic disorders that typically present in childhood with severe and episodic or chronic inflammation and exuberant production of inflammatory cytokines in the absence of overt autoimmunity. Although inflammation in several autoinflammatory conditions is mediated by IL-1-related pathways, inflammation in haemophagocytic lymphohistiocytosis, and possibly in the related macrophage activation syndrome, is mediated by high levels of IFNγ 55, 56 . A pathogenic role for IFNγ in these two conditions, which likely involves activation of macrophages, is supported by animal models, although the role of IFNγ is complex, and it may also have protective effects in certain autoinflammatory diseases 56, 57 . Another group of autoinflammatory disorders termed proteasome disability syndromes (PDS), which includes chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature (CANDLE) and STING-associated vasculopathy with onset in infancy (SAVI), is characterized by an interferon signature in blood cells, and they appear sensitive to JAK inhibitors 58 . Although type I interferons have been most strongly implicated in these disorders 58 , aspects of the observed interferon signature and work in animal models suggest a role for IFNγ in some patients 59, 60 .
Adaptive immunity and autoimmune responses.
Recent work in SLE-related autoimmunity models has strongly implicated IFNγ in the generation of T FH cells, germinal centres and pathogenic autoantibodies [61] [62] [63] . IFNγ signalling in T cells and B cells can drive this autoimmune phenotype, in both cases by promoting the expression of B cell lymphoma 6 (BCL-6). The B cell function of IFNγ can be selective for the autoimmune context and autoantibody production and not affect antibody responses against T cell-dependent foreign antigens; such selectivity supports therapeutic targeting of IFNγ. IFNγ also contributes to the formation of age-associated B cells, which are dependent on T-bet and IRF5 and accumulate prematurely and contribute to autoantibody production in SLE 64 . www.nature.com/nri syndrome and lupus, which revealed distinct IFNγ and type I interferon signatures in patients' cells 65, 66 . One important issue is that many autoimmune disease states appear to involve the activity of both IFNγ and type I interferons, which have been recently reviewed 67 . It can be difficult to resolve IFNγ and type I interferon signatures, which involve overlapping gene sets. In theory, one could separate the activity of these cytokines on the basis of the activation of direct STAT1 targets by IFNγ and ISGF3 targets by type I interferons, but in practice, many genes are commonly induced by both type I and type II interferons by direct and indirect mechanisms. Transcriptomic comparison of gene induction by type I and type II interferons has suggested that certain gene modules or specific genes such as GBP1 and GBP2 are selectively induced by IFNγ 65, 66 , but such conclusions are necessarily constrained by the limited cell types and time points analysed.
Collectively these findings have helped motivate early-phase studies of IFNγ blockade therapy in patients with lupus or rheumatoid arthritis. These studies have clearly demonstrated a role for IFNγ in the interferon signature of patients with SLE, although clinical efficacy remains to be determined 68, 69 . In accord with an important pathogenic role for type I interferons, blockade of these cytokines is also promising in SLE therapy 70 ; the pathogenic functions of type I interferons have been reviewed 67 and are beyond the scope of this paper. As previously reviewed , suppression of autoimmunity via nitric oxide production 72, 73 , induction of specialized T reg cells 74, 75 and the IFNγ-mediated induction of prostaglandin E 2 that suppresses lymphocyte function and promotes myeloid-derived suppressor cell generation in a peritonitis model 76 .
IFNγ in tissue-specific pathology Regulation of non-immune cells by IFNγ contributes to tissue-specific pathology. IFNγR is ubiquitously expressed, and thus IFNγ can act upon most cell types in various body tissues fig. 6b,c) .
IFNγ effects on tissue remodelling, vascular cells and atherosclerosis. The homeostatic role of IFNγ in limiting inflammation-associated tissue damage has been previously reviewed 1 . Important components of the protective role of IFNγ are suppression of T H 17 cell differentiation, attenuation of infiltration by tissue-damaging cells such as neutrophils and suppression of expression of tissue-degrading enzymes. However, the effects of IFNγ on tissue remodelling are complex, as it antagonizes the function of the homeostatic and pro-repair cytokines IL-4, IL-13 and transforming growth factor-β (TGFβ). Such antagonism can be beneficial by suppressing fibrotic responses driven by excessive action of these cytokines but can be harmful by interfering with their homeostatic functions and the return to tissue homeostasis.
One important aspect of tissue remodelling and repair is regulation of the vasculature -an initial phase of angiogenesis is followed by maturation and regression of blood vessels to allow a return to normal tissue architecture 77 . IFNγ has been long known to suppress angiogenesis, in part indirectly via regulation of immune cell production of angiogenic factors, such as vascular endothelial growth factors (VEGFs), in part by direct suppression of the proliferation of vascular cells 78 and also via induction of antiangiogenic chemokines 78 . IFNγ also regulates vascular smooth muscle cell proliferation, migration and apoptosis to induce loss of vascular smooth muscle cells from maternal spiral arteries during uterine arterial remodelling 79 . In line with a suppressive role on vascular cells, IFNγ maintains a homeostatic balance of lymph node lymphatic vessels by suppressing lymph node VEGF expression and by suppressing expression of lymphatic-specific genes (such as PROX1 and LYVE1) in lymphatic endothelial cells (LECs), suppressing sprouting and growth of lymphatic vessels and suppressing tube formation by LECs, thereby reducing lymph node lymphatic vessel formation and promoting their post-inflammatory regression 80 . The regulation of sprouting, tube formation and LEC-specific gene expression by IFNγ supports the idea that it regulates tissue-specific cell function in addition to its general effects on cell proliferation and survival. Effects of IFNγ on vascular cells have been linked to disease pathobiology by genetic evidence that atherosclerosis risk alleles are located in an enhancer that binds STAT1 (ref.
81
). This enhancer is activated in human vascular endothelial cells by IFNγ and appears to regulate expression of various genes, possibly via induction of a non-coding regulatory RNA. Regulation of vascular cells is in line with an important role for IFNγ in atherosclerosis models via its effects on plaque-infiltrating immune cells, endothelial cells and smooth muscle cells 78, 82 .
IFNγ in obesity and metabolic syndrome. Adipose tissue homeostasis is maintained by eosinophils, ILC2s and invariant NKT (iNKT) cells that secrete type 2 cytokines such as IL-5 and IL-13 that promote M2 polarization of tissue macrophages 83 . In response to a high-fat diet or obesity, adipose tissue macrophages switch to an M1 phenotype and produce inflammatory mediators such as TNF and IL-1 that contribute to insulin resistance and metabolic syndrome. In line with a pathogenic role of M1 macrophages, deletion of IFNγ improves insulin resistance and metabolic parameters in these models 84 . Recent work has shown that a high-fat diet induces production of IFNγ by adipose tissue-associated NK cells and ILC1s, which are activated by cell surface ligands expressed by stressed adipocytes and IL-12, respectively (refs 84,85 ). In addition to polarizing macrophages, adipose tissue-derived IFNγ suppresses an IL-33-driven ILC2 pathway that is important for adipose tissue homeostasis 86 . As IL-10 regulates adipocyte function via chromatin-based mechanisms 87 , it is likely that IFNγ also directly regulates adipocyte function.
Effects of IFNγ on neural cell function and in Alzheimer disease. Microglia are central nervous system (CNS)-resident myeloid cells that are derived from yolk sac progenitors. Recent work has implicated microglia in healthy brain function, such as sculpting developing neuronal circuits, synaptic pruning and guiding learning-associated plasticity, and in the pathogenesis of neurodevelopmental and neurodegenerative diseases such as autism and Alzheimer disease [88] [89] [90] [91] . CNS disease states are associated with microglial cell activation, although such activation is not clearly categorized into M1 and M2 states, and it is not clear whether IFNγ action on CNS myeloid cells is predominantly pathogenic or protective. Indeed, protective functions for IFNγ signalling in myeloid cells have been suggested in the clearance of cerebral amyloid-β plaques in Alzheimer disease models 92 and in the experimental autoimmune encephalomyelitis model of multiple sclerosis (reviewed in ref.
1
). Interestingly, IFNγ acts directly on neurons to regulate their survival and function. In the context of infection or autoimmunity and/or inflammation, IFNγ signalling has deleterious effects on neurons, either promoting cell death or dendrite and synapse loss in a viral encephalitis model (in which IFNγ blockade therapy was neuroprotective) and in human Rasmussen encephalitis 93 and exacerbating spinal cord injury 94 . IFNγ also exerts homeostatic functions under physiological conditions by acting directly on CNS neurons to regulate neuronal connectivity and social behaviour 95 . Cortical neurons exhibit an IFNγ signature, likely related to IFNγ production by meningeal T cells, and IFNγ-deficient mice exhibit aberrant neuronal hyper-connectivity in frontocortical/insular brain regions as well as associated social behavioural deficits. STAT1 deficiency in an inhibitory subset of brain neurons also results in social behaviour deficits. One cellular mechanism of IFNγ action is the augmentation of tonic inhibitory currents, which most likely occurs through elevation of ambient concentrations of the neurotransmitter GABA 95 . In accord with increased tonic inhibition, IFNγ delays onset and lowers severity of seizures induced by the GABA receptor antagonist pentylenetetrazol. The specific behavioural defects of IFNγ deficiency contrast with the regulation of spatial learning behaviour by IL-4 (ref.
96
), which also acts directly on peripheral sensory neurons to sensitize them to pruritogens and promote itching 97 . These neural functions of IFNγ are part of an exciting emerging area of cytokines as neuromodulators and suggest novel mechanisms by which infections that increase CNS IFNγ amounts can modify behaviour.
Pivotal role of IFNγ in cancer immunotherapy
The antitumour effects of type I and type II interferons and the effectiveness of anti-type I interferon therapies have been extensively described and previously reviewed 98, 99 . Briefly, IFNγ can suppress tumours by acting directly on tumour cells (inhibiting their proliferation while increasing MHC expression, antigen presentation and thus antigenicity and cell death), by augmenting the function of tumour-infiltrating immune cells including T H 1 cells, CTLs and macrophages, by suppressing T reg cell function and by modulating stromal cell function to alter metabolism and suppress angiogenesis ( fig. 7) . IFNγ also suppresses metastasis by altering the extracellular matrix and tumour architecture 100 . Extensive evidence that tumours develop resistance to the effects of interferons to escape immune eradication further supports an important role for interferons in antitumour immunity 99 . A recent breakthrough in cancer therapy is immune checkpoint blockade (ICB), which involves blocking inhibitory receptors that are expressed on intratumoural effector T cells [101] [102] [103] . Most notably, ligation of cytotoxic T lymphocyte antigen 4 (CTLA4) and programmed cell death protein 1 (PD1) by their ligands (CD80 and CD86, and programmed cell death 1 ligand 1 (PDL1), respectively), which are expressed on tumour cells and tumour-associated macrophages (TAMs), suppresses T cell effector function and cytotoxicity, promotes T cell exhaustion and allows the tumour to escape immune responses ( fig. 7) . ICB using blocking antibodies against CTLA4 (ipilimumab) or PD1 (pembrolizumab) strongly activates antitumour immunity and has generated striking clinical responses, but certain patients are resistant and some tumours do not respond to ICB. Thus, mechanisms of resistance and how ICB mobilizes antitumour immunity are under intense study.
Induction of intratumoural IFNγ production by ICB in patients and mouse models, and dependence of tumour infiltration by immune cells on IFNγR [104] [105] [106] [107] , suggests a function for IFNγ in mediating tumour rejection ( fig. 7) . A role for ICB-induced IFNγ action directly on tumour cells received strong support from studies that analysed tumour cells from patients with melanoma who were resistant to anti-CTLA4 or anti-PD1 therapy [108] [109] [110] . Strikingly, resistance to checkpoint blockade was found to be associated with genomic defects in the IFNγ pathway in tumour cells, including mutations in both components of IFNγR (IFNγR1 and IFNγR2), JAK2 and the downstream protein IRF1 (refs 108-110 ).
Mutations were also found in β 2 -microglobulin, which is required for cell surface expression of IFNγ-inducible MHC class I molecules and presentation of intracellular antigens to T cells. These results support a model whereby ICB-induced IFNγ works in part by increasing presentation of tumour antigens to CTLs, which www.nature.com/nri themselves have been directly sensitized by blockade of inhibitory receptors. Accordingly, knockdown of IFNγR1 in B16 melanoma tumours results in increased in vivo tumour growth and decreased mouse survival after ICB 108 . This model received further support from genome-wide CRISPR-mediated screens aimed at identifying molecules important for immunotherapy and CTL function 111, 112 . Strikingly, both screens found that defects in IFNγ signalling contribute to resistance to immunotherapy and suggested that IFNγ confers sensitivity to immunotherapy by suppressing tumour cell growth and increasing MHC class I-mediated antigen presentation, thereby increasing sensitivity of tumour cells to CTLs. Accordingly, genes important for antigen presentation were found to be mutated in more than 100 patient tumours in The Cancer Genome Atlas database. The additional finding that several molecules newly implicated in regulating responses to immunotherapy in these CRISPR screens, for example, tyrosine-protein phosphatase non-receptor type 2 (PTPN2) and apelin receptor (APLNR) 111, 112 , actually work by modulating cellular responsiveness to IFNγ further supports the pivotal role of this cytokine in the efficacy of antitumour immunotherapy.
However, like most cytokines, IFNγ induces feedback inhibitory mechanisms to restrain the magnitude of immune responses 1 . In tumours, IFNγ induces expression of inhibitory receptors, including PDL1, on tumour cells and TAMs ( fig. 7 ) and upregulates suppressor of cytokine signalling 2 (SOCS2) in DCs 102, [113] [114] [115] [116] . Thus, IFNγ can also have suppressive effects on antitumour immunity. As is often the case with feedback pathways, the relative balance of activating and suppressive mechanisms induced by IFNγ determines the overall functional outcome. In ICB, anti-PD1 therapy blocks a suppressive mechanism of IFNγ, namely, the function of IFNγ-induced PDL1, and this likely potentiates its antitumour activity and therapeutic efficacy. It is plausible that resistance to ICB is mediated by distinct inhibitory receptors and molecules that are induced by IFNγ but not targeted by the ICB therapy 102, [113] [114] [115] . In addition to its effects on tumour cells, IFNγ contributes to immunotherapy and the efficacy of checkpoint blockade by acting on endothelial cells to promote blood vessel normalization (increased pericyte coverage, decreased leakiness and decreased hypoxia) and regression 117, 118 and by as yet undiscovered mechanisms and may play a role in responses to radiation combined with ICB [120] [121] [122] [123] . Thus, IFNγ is an integral component of various antitumour therapies.
Concluding remarks
Over the past decade, our understanding of cellular responses to IFNγ has been extended beyond its induction of the core JAK-STAT signalling pathway and ISGs. We now appreciate that IFNγ induces complex reprogramming of cell state and responsiveness to environmental cues, which is mediated by epigenetic and metabolic mechanisms. In parallel, our understanding of the cellular targets of IFNγ has been extended beyond immune cells, and we are now aware of the various effects of IFNγ on stromal and specialized tissue cells. One important future direction is to gain a deeper understanding of the associated epigenetic and metabolic mechanisms, especially in non-immune cells and in vivo (including in disease states), coupled with investigation of the effects of IFNγ on 3D chromatin conformation and DNA methylation. A challenge will be to link specific ISGs with the epigenetic and metabolic mechanisms described herein. Another interesting area of study is the relationship of IFNγ-mediated priming with training of innate immunity by microbial exposure that promotes more effective recall responses 39 . Additionally, future studies should address the polarization of tissue-resident macrophages, as their different transcriptional starting point relative to the bone marrow-derived or blood-derived macrophages typically used for polarization studies may result in distinct polarization outcomes. It will be important to understand the role of IFNγ in regulating the functions of specialized tissue cells, its effects on progenitor and stem cells and the implications for tissue and organ function under homeostatic, immune and pathological conditions. It is perhaps surprising that IFNγ plays important homeostatic roles, and determining the mechanisms underlying context-dependent IFNγ functions will be important for developing therapeutic strategies to manipulate IFNγ activity to promote health and suppress disease. Advancement of our knowledge of IFNγ functions and mechanisms of action, which have been summarized in this Review, can be harnessed to develop new therapeutic strategies to improve host defence, suppress autoimmunity and augment responses to various cancer therapies, including in patients with tumours resistant to currently available therapeutics.
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